The cell types distinguishable on a nuclear basis during the spermatogenic cycle of the guinea pig are described and an outline of the layer and generation structure of the seminiferous tubule presented.
The cell types distinguishable on a nuclear basis during the spermatogenic cycle of the guinea pig are described and an outline of the layer and generation structure of the seminiferous tubule presented.
The resting spermatogonium divides three times, one division product reverting to the resting stage. The relation between changes of cell type in any given layer to the events in other layers of the tubule appears to be rather fixed. Within each layer there is a good synchronization between the individual cells.
On the basis of this correlation, and on data derived from a study of the relative frequency of layers of the various cell types in tubule cross sections, a quantitative formulation of the spermatogenic cycle is made (Figs. 1 and 2). The distribution of phases of the cycle along the tubule is found to be inegular in the guinea pig; the classical spermatogenic "wave" structure is absent. Physiological tubule segments can, however, be delimited. Topographical reconstructions of spermatogonial and spermatocyte divisions do not suggest that there is any simple propagation of a division impulse along the tubule length.
The synchronization within and between layers is interpreted in terms of intercellular and interlayer influences mediated by the Sertoli cells. The attached spermatid categories are considered to be self-limited and are regarded as the tubule pacemakers.
The differences in phase between different physiological tubule segments are considered to be due to the accumulation of small differences in absolute rate of spermatogenesis in these segments during repeated continuous functioning; in discontinuously active testes and pubescent guinea pigs the differences are either not present or very much reduced. The difference in absolute rate of spermatogenesis in tubule segments could arise from differences in blood supply or local differepces in the interstitial tissue, or both.
I. INTRODUCTION
The continuously active mammalian testis provides unique adult material suitable for a wide range of biological investigation. It is one of the main sites of cell division in the adult organism and this cell division is controlled temporally, topographically, and quantitatively. A study of these controls in the testis might illuminate the general problems of the initiation and limitation of cell division, both of which are central problems of embryology and oncology.
A further prime problem might also be suitably approached with testicular material; that of differentiation, both histological and cytological. On the one hand an orderly differentiation of cell areas occurs within the seminiferous " Dept. of Histology and Embryology, University of Sydney. SPERMATOGENIC CYCLE OF THE GUINEA PIG 345 tubule, while within each cell rapid differentiation of a complex nature occurs. These latter changes involve not only a metamorphosis of existing structures but synthesis of entirely new cell organs containing a wide range of chemical components.
The ready availability and uniformity of the material and the presence in any testis cross section of a full range of the stages of the spermatogenic cycle make the material technically very favourable.
The present work, performed in 1947, is purely morphological and largely exploratory. In it an attempt was made to define the "spermatogenic cycle," which has been known for a long time (von Ebner 1871) but which lacked precision in definition. Apart from its intrinsic interest, knowledge of the cycle is required before further questions can be confidently or effectively posed; as in most morphological work of this type, the interpretations are largely speculative and must await experimental procedures for their verification.
II. MATERIALS AND METHODS
Testes from sexually isolated mature male guinea pigs were fixed, after subdivision, in a fluid of the Sanfelice type (2 per cent. chromic acid, 5 parts; acetic acid, 0.5 parts; formalin, 2 parts; water to 10 parts). The paraffinembedded blocks were cut at 15 {t for study of random cross sections and at 25 {t in the reconstructions.
Staining was by Newton's crystal violet method, usually with light green counter staining. The plates are from Feulgen light green preparations. In all, testes from some 20 guinea pigs were examined. The stage counts were performed on five unselected animals.
The reconstructions were made on one testis only by the following method. In a microprojector field at a magnification of 83 diameters, a straight tubule was identified and the convoluted seminiferous tubule emptying therein, together with two further marker tubules, was followed and drawn in succeeding sections until it turned. The sheets of drawing paper were accurately supermposed on one another and held together by a clamp. The sheets used for each succeeding drawing were first oriented by reference to the preceding drawing. Successive loops followed in this way were numbered consecutively; each has an up and a down component. As each tubule cross section is drawn it receives its loop number and its up or down designation.
The cytological diagnosis of the tubules in the reconstruction was made initially by reference to every third section. Where necessary every section was examined. In anyone section all the relevant numbered tubules in the drawing were diagnosed before proceeding to the next section. In tubule segments cut longitudinally, the direction from the straight tubule was determined and where more than one stage of the cycle was present in this segment, the progression was scored. The evanescent cell types (diplotene and the spermatogonial and spermatocyte divisions) rarely form a complete layer. They are shown in the diagrams as a complete layer because of graphical demands. Secondary spermatocytes were not scored.
The reconstructions of the division complexes were made on more or less straight lengths of tubule by recording section number (to give the longitudinal dimension), the tubule radius (to give the circumferential dimension), and the arc subtended by the cells under study and its radial position in the microscope field.
III. THE CELL TYPES DISTINGUISHED
A general description of the cytological aspects of spermatogenesis in the guinea pig has been given by Moore and Walker (1905) , Stevens (1911) , Harman and Root (1926) , and League (1928) .
The cell types distinguished in the present investigation are as follows:
( a) Spermatogonia
The Resting Spermatogoniurn is a relatively large cell situated immediately beneath the basement membrane. The number varies from two to five per 15 fh tubule cross section. The nucleus is p:Jorly staining with a fine chromatin network in which one to seven small spherical chromatin nucleoli are present. The cell is not recognizable during the time when the products of its division are passing through the preleptotene phase but reappears when these have passed into early leptotene.
(b) Spermatocytes
(ii) Preleptotene.-This cell is smaller, the chromatin being more evident and in the form of small irregular lumps. The term as used here does not designate an entirely pure cell type inasmuch as some of the cells may not have completed their division cycle. The designation is given largely on histological criteria and implies the presence beneath the basement membrane of a more or less complete layer of cells not fitting into the other categories recognized.
(iii) Leptotene.-Owing to entry into the growth phase this and succeeding cells show increases in volume. Fine chromosome threads are scattered more or less randomly in the nucleus except where they converge on several large, irregular, deeply staining, chromatin nucleoli.
(iv) Zygotene.-In the great majority of cases this stage is readily recognized by the chromosome polarization, the centre being away from the basement membrane and oriented towards the centrioles. Owing to fusion the chromosomes are thicker than in leptotene. vVith the exception of a difficultly visible sex complex the heterochromatic bodies of the leptotene have disappeared.
( v) Pachytene.-This stage is delimited from the zygotene by the resolution of the bouquet, the chromosomes now filling the nucleus. There is an increased chromosome diameter and variation in staining intensity along their length, together with some blurring of the edge. The sex complex shows a progressive increase in stainability and size.
(vi) Diplotene is recognizable by a relatively sudden contraction of the chromosomes and their more or less radial arrangement. Chiasmata are discerned with difficulty. These cells rarely form a complete layer.
( vii) Second Spermatocytes are smaller than the above and the chromatin is in irregular lumps, larger than those visible in the preleptotene cells.
( c) Unattached Spermatids (viii) Early Solid Spermatid is the immediate product of the second spermatocyte division. It is distinguished from the latter by its smaller size and the greater regularity of outline of the heterochromatic bodies (2-5), and from the solid spermatid by the greater number and smaller size of the heterochromatic bodies.
(ix) Solid Spermatid is so called, as was the above, because of the organization of the chromatin into relatively large, roughly spherical masses (1-2).
(x:) Open Spermatid is so named because of the disappearance of the heterochromatin present in the solid spermatid. The chromatin becbmes more evenly distributed but tends to occur in fine, irregular strands. (xii) Elongating Spermatid.-The elongation of the cytoplasm is more marked and flagella are distinguishable. The nucleus is in the form of a thin, ovoid plate and thus usually appears as a deeply staining rod.
(xiii) Late Spermatid.-In this cell type there is a marked loss of cytoplasm from the centripetal end; densely staining granules are often visible in this area.
(xiv) Spermatozoa.-While still attached to the Sertoli cells these cells are histologically indistinguishable from sperm present in the tubule lumen. The loss of cytoplasm begun in the late spermatid is now complete.
Judging by the ease with which most of these stages are recognized (early solid spermatid and unpolarized zygotene are exceptions) the stages represent critical phases in the life history of the cells and the change from one to another is more or less saltatory. For a number of reasons the terminology used in some of the figures does not correspond with that detailed. above. The equivalent terminology is given in the legends to these figures.
IV. THE HISTOLOGICAL ORGANIZATION OF THE TESTIS
In order to clarify the work following, an outline of the histological organization of the testes seems desirable. As in other mammalian testes (e.g. Curtis 1918; Johnson 1934; Huber and Curtis 1913 ) the guinea pig testis appears to contain multiple arched tubules entering the rete by a short, straight tubule. In the mature guinea pig seminiferous tubule there are never less than three generations of cells present and for a short period of the cycle four generations occur. Omitting the resting spermatogonia, these are as follows:
(i) First Generation and Layer.-Gonial divisions give rise to a fairly complete preleptotene layer. This passes through relatively short leptotene and zygotene and enters the long pachytene stage. At mid pachytene it is pushed into the second layer by the development of new preleptotene layer above it.
(ii) Second Generation and Layer.-The primary spermatocytes complete the second half of pachytene, divide, and pass through the solid spermatid stages. Owing to further preleptotene generation arising they then become the third generation and layer. 
V. TIME RELATIONS OF THE PRIMARY SPERMATOCYTE
The method used for timing in this section is based on changes occurring in other tubule layers. The validity of the method will be shown in the next section. (a) Spermatogonial Divisions and .Preleptotene The preleptotene cells arise by multiple division of the sparsely distributed resting spermatogonia. One of the products of the divisions reverts to the resting stage until the next division cycle commences. The resting spermatogonium is thus visible for about three-quarters of the interdivision period (cf. Fig. 1 ).
By reference to the ratio between the number of zygotene cells and Sertoli cells and between resting spermatogonia and Sertoli cells (these cells having almost identical nuclear diameters) it is possible to estimate the number of divisions made by the resting spermatogonium during its cycle of division.
The results of such a study are shown in Table 1 , 150 Sertoli cells being counted in each case.
It will be seen that each resting spermatogonium gives rise to seven spermatocytes. Since one of the products of division reverts to the i-esting spermatogonium, the number of products is actually eight, or the cell divides three times. This is considerabiy less than the number of divisions recently recorded by Roosen-Runge (1950) in the rat.
The relative time relations of the spermatogonial divisions are shown in Table 2 , where they are correlated with the other cell types present in the tubule cross section. TABLE 2 RELATIVE TIME RELATIONS OF THE SPERMATOGONIAL DIVISIONS
. At first sight the table suggests that the spermatogonial divisions are spread over a wide sector of the cycle. It also suggests that there may be some variation in timing in different individuals: animal 2 shows an earlier initiation of the divisions than the other animals.
On further analysis of the data, however, a narrowing of the spread is evident. Although some 42 per cent. of the total divisions recorded occur in tubules containing the solid type of unattached spermatid, in only 1.3 per cent. of these cases has the division proceeded far enough to give a recognizable layer of preleptotene cells. After the transformation of the solid to the open spermatid 58 per cent. of the total recorded divisions occur but in this case a preleptotene layer is distinguishable in 60 per cent. of these tubules. The divisions can thus be regarded as being initiated towards the end of the life history of the solid spermatid in the second tubule generation, and continuing for part of the life history of the open spermatid. In the life history of the open spermatid, as judged from the concomitant changes undergone by the attached spermatid category, it will be seen that the divisions are well advanced during the late stage of the latter category (52 per cent. preleptotene present) and virtually complete by.the time of the sperm stage (82 per cent. preleptotene present).
( b) Leptotene
The occurrence of the leptotene stages in relation to the stages of cells in other layers of the tubule is shown in Table 3 . It will be seen that the change from preleptotene to leptotene occurs in rather rigid relation to events in other layers of the tubule. It is initiated at the time of release of the mature sperm from the Sertoli cell and is completed shortly after the next spermatid group becomes attached. In other words, leptotene is contemporaneous with the stage of the free Sertoli cell. ( c) Zygotene The relation of events in other layers of the tubule to zygotene is shown in Table 4 . It will be seen that the leptotene cells enter zygotene at the time when the third generation spermatids are becoming attached to the Sertoli cell and when the second generation spermatocytes are approaching the end of pachytene. The stage virtually ends by the time these latter cells have become a coherent layer of early solid spermatids.
( d) Pachytene This is by far the longest phase of the entire cycle. It begins shortly after the second generation spermatocytes have divided and ends by the time the first generation spermatids have completed about one-third of their total time in zygotene. By this time the second generation spermatocytes have progressed through the unattached spermatid stages and have become attached to the Sertoli cells.
( e) Succeeding Stages in Cycle The general outlines of the succeeding stages of the cycle (diplotene ~ sperm) are evident from the data already presented in this section. The principal correlations are the change from attached spermatid to elongating spermatid, which falls in the middle of the spermatocyte divisions; the change from elongating to late spermatid, which falls in the middle of the spermatogonial divisions; and the loss of mature sperm from the Sertoli cell, which occurs at the same time as the change from preleptotene to leptotene. 
(f) The Spermatocyte Divisions
The analysis of the spermatocyte division complex is made difficult by the short time period which it occupies and the fact that only rarely does any one component of the complex form a complete layer in the tubule. The secondary spermatocyte is the least evanescent cell type of the complex and the relationship of this stage to stages in the same and other layers is shown in Table 5 . The whole complex occurs when the first generation spermatocytes are in zygotene.
The overlap due to the above factors is evident: in 39 per cent. of tubules the secondary spermatocytes are associated with their precursors (diplotene) and in 41 per cent. with their product (early solid spermatid). The mid point of their distribution is centred exactly on the time when the attached spermatid is changing to the elongating spermatid.
VI. QUANTITATIVE FORMULATION OF THE SPERMATOGENIC CYCLE IN TUBULE CROSS SECTIONS
It is evident from the foregoing section that a rather rigidly controlled cycle exists in the guinea pig testis, and that this should be susceptible of a quantitative formulation.
This formulation is possible by means of a relative time scale based on the percentage occurrence of layers of the various cell types in random samples of tubules, together with an overlap factor for the evanescent cell types .. Most of the basis for computation of this latter factor has already been given in the previous section.
The basis of the fonner factors is given in Table 6 , where data derived from study of the cell types in the layers of about 2,500 tubule cross sections in five guinea pigs are shown.
The interpretation of the differences found in different animals is rather difficult. Such differences as the zygotene and pachytene figures in testis 4 are due to difficulties of identification, this animal showing very little polarization of the zygotene chromosomes. Identification difficulties explain the high carly solid percentage and the low solid percentage in testes 4 and 5. The variation in the percentage of tubules showing divisions is, however, probably indicative of true differences between animals.
Visual representation of these figures and their integration into a cycle is possible by conversion of the percentages into angles (100 per cent. = 360 0 ) . The data already presented on percentage overlaps provide a useful verification of the quantitative relations between contemporaneous events in different generations of cells in the tubule, and permit a resolution of the difficulties of fitting the spermatocyte division complex into the diagram.
When the data are plotted in angular form, Figure 1 results. In this diagram the stages transected by radii describe the cell types in the various layers of the tubule at that particular stage of the spermatogenic cycle. The diagram is transposed to histological form in Figure 2 .
The two figures permit an accurate relative time evaluation of the various stages and an accurate statement of contemporaneous events in the different layers of a tubule cross section. The main lack of precision is in the spermatocyte divisions. Since there is considerable difficulty in recognizing first and second divisions on a histological scale it was assumed that the divisions took an equal time, the total calculated division time being halved to give the time of each division. The interaction between divisions and secondary spermatocyte and between divisions and early solid spermatid allows a reasonably precise evaluation of the time relations involved.
From the diagram a rough calculation of the length of the spermatogenic cycle maybe made on the basis of the angle between first division and second spermatocyte, and between second spermatocyte and early solid spermatid. On the basis of tissue culture studies a division time of 30 minutes may be assumed to be approximately correct (cf. Wright 1925) . When this value is Fig. I. -Quantitative schematic representation of the spermatogenic cycle. The numbers on the periphery refer to radii, the diagram transections of which describe the contents of the tubules shown in Plates 1 and 2. In the internal circle, the black area represents the spermatogonial divisions and the dotted area the resting spermatogonia.
used for calculation the total sperm generation time (spermatogonium ~ "perm) is found to be 1-2 weeks. This value is probably of the correct order of magnitude; Asdell and Salisbury (1942) have shown by more direct means that the maximal time in the rabbit is about three weeks. Attempts were made to evaluate the absolute time of the cycle in the guinea pig by a study of the accumulation of metaphases in colchicine-treated animals. Owing to the great toxicity of colchicine for the guinea pig these attempts were unsuccessful.
VII. SPERMATOGENIC PHASES ALONG THE TUBULE LENGTH
The correlation found between the stages in the layers of tubule cross sections prompted a study of the distribution of stages along the length of the tubule. Owing to the tortuosity of the tubules the true lengths are considerably greater than those shown in these figures.
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In this form the data are rather difficult to interpret. A graphical transposition is shown in Figures 7 and 8 , which is more amenable to analysis. The length dimension has been completely eliminated from these figures: they are based entirely on the sequences of stages recognizable in the first layer of the tubule. Owing to the apparent precocity of the spermatogonial divisions in this testis, four generations of cells are present in the tubule for a longer time than found in the testes studied in the previous section. The position of the spermatogonial division is shown by the clear windows in the first generation graph.
The two figures are, in general, similar. The second shows more structure and will be discussed first.
Examination of this second tubule reveals two main features:
( 1) As expected from the studies of cross sections, the correlations between layers is good except for the precocity of the spermatogonial division in segments 2,6,l0, etc. This precocity is compensated for by the open bars in the second generation graph. (2) No regular cyclic gradient of stages along the tubule length is discernible, as is implicit in text-book discussions of the "spermatogenic wave," a conception based on the early work of von Ebner (1871, 1888), Benda (1887) > and Furst (1887).
With more detailed examination of the figure it is possible to read into it a modified wave concept. The tubule may be divided into a number of autoDomoussegments in which the concept of propagation of spermatogonial divisions in one or both directions from a point of origin is more or less consistent with the facts. Subdivision of the main segments of the tubule on this basis is shown by the vertical lines beneath the' first generation graph where the postulated directions of propagation of the division impulse are shown by the Fig. 5 .-Complete cytological reconstruction of the two tubules, fitted into a four-layer framework. Pachytene has been shown in the second layer throughout: arrows towards the first layer indicate that the pachytene cells are actually in the first layer. The terminology used differs from that defined in Section III. The equivalents are: mature and sperm, middle and late spermatid, early and elongating spermatid, late and attached spermatid. The term very early is used to describe an early stage of elongating spermatid, recognizable by the lesser granule content of the cytoplasm. The "granules" designation in the fourth layer refers to granules present in the centripetal ends of the Sertoli cells shortly after sperm detachment. The numbers above the tubule (with stroke) refer to the loop numbers of Figures 3 and 4 . , , arrows. Even on this limited hypothesis it is difficult to fit some segments into the picture. The difficulty is much greater in the first tubule. The sequence of stages in the different generations suggests that the hypothetical segments demarcated above are rather constant. This implies that the site of origin of a division wave, if such exists, is rather fixed. Figure 5 , using the same terminology. Some precocity of the preleptotene generation is apparent in this testis. It is uncertain whether this is due to true precocity of the spermatogonial divisions or. to some error of judgment ot the preleptotene category. Owing to this fact it has been necessary in parts to show both pachytene and solid spermatid together in the second generation, the solid spennatids appearing as open bars. .
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VIII. TOPOGRAPHY OF THE SPERMATOGONIAL AND SPERMATOCYTE DIVISIONS
In the previous section it was shown that the sequence of stages along the length of a tubule was consistent with an hypothesis of limited propagation of divisions from a point in one or both directions. In order further to study the possibility of such a propagation, topographic reconstructions of divisions were made by the methods described previously. The topography of typical largescale spermatogonial and spermatocyte division complexes is shown in Figures  9 and 10 .
Considering first the spermatocyte division complex, it will be seen that the observed topography is consistent with a propagation of a division impulse towards the top of the figure. It is, however, evident that complexities are present. There are islands of diplotene present, and the first and the second divisions do not present a uniform wave front: towards the right hand side of the figure the first division has ceased so that second spermatocytes and diplotene are contiguous. The second spermatocyte is the most regular component of the reconstructed complex, probably because it is less evanescent than the other cell types present. Some of this complexity can be resolved by postulating a high ratio between the time required for the divisions and the rate of propagation of the impulse. Variations in competence of cell areas might explain the islands present but some factual knowledge of the existence of determination and the time elapsing between determination and actual division would be required before this concept of competence could be removed from the purely speculative.
These modifying factors apart, it is evident that the situation is more complex than would be expected on the simple wave front theory, although not entirely inconsistent with a limited hypothesis of one-directional propagation of some division-inciting factor. The spermatogonial division reconstruction shows considerably less regularity than found in that of the spermatocyte division. In this case there is little evidence for any propagation of division-inciting factors: over a quite long length of tubule the dividing cells occur in patches with little obvious relation between them. A realization that the divisions seen may represent either first, second, or third spermatogonial divisions does not appear to resolve the difficulty and the conclusion that the spermatogonial divisions do not conform to the wave theory seems warranted. The apparent precocity of the divisions in some testes, and the variations in the percentage of tubules showing spermatogonial divisions (Table 1) are also consistent with this opinion.
On these grounds it would appear that the spermatogonial divisions, while they occur over a restricted part of the cycle (Figs. 1 and 2 ) are more autonomous than the spermatocyte divisions. Inasmuch as the products of these divisions do not enter meiosis until a definite stage is reached in the third generation, this relative autonomy would not and does not cause any disturbance of synchronization within the tubule.
A n figures are from Feulgen light green preparations. A complete key to the illustrations is given in Figures 1 and 2 . IX. DISCUSSIO~ It has been demonstrated that a fairly rigid correlation of stages exists between different layers of the tubule, while within each layer the cells are well synchronized. Two hypotheses could account for these observations. A rigidly timed self-limitation in the life history of the cells involved in the spermatogenic cycle together with a synchronized entry into the cycle is one possibility. The other is an actual interaction between the layers of the tubule, and between the cells of any given layer.
LENGTH
.4Jv) @I There is no direct evidence of the first possibility in the present material, but an assessment may be made from a consideration of other material. The problem is essentially the intercellular variability of self-limited processes. The evidence to be considered is as follows:
(a) The interphase duration of different cells in tissue culture is very variable Delorenzi 1928, 1932) . There is less variation in daughter cells but there is no question of the degree of synchronization being comparable to that found in the present material.
( b) In invertebrate ovaries considerable variation among cells appears to exist in the time of reaching a fertilizable condition, a situation that does not depend, as far as can be seen, on different times of entering the growth phase. (d) In the cleavage divisions of invertebrate eggs the divisions in different blastomeres are fairly well synchronized in the first few divisions but soon become asynchronous. Even in the early divisions the synchronization may be due to protoplasmic connections between the blastomeres (Gray 1925 ).
These four cases are found in material in which the cells are discrete and often separated from one another by tissue spaces or thick cell walls. Parallel examples where these barriers are reduced are as follows:
(a) Tissue-culture cells in contact with one another are usually synchronized in division, especially when protoplasmic contact is achieved. Fischer ( 1946) has considered the organism-like nature of tissue cultures showing these intercellular bridges. Similarly in multinucleate animal cells and syncytia the division of the nuclei is synchronous (Rabinowitz 1941) . In synkarya in fungi and syncytia of slime moulds, synchronization is also found (Burgess, personal communication) .
(b) In invertebrate testes the cells in developing sperm spheres are found to be synchronized, while different sperm spheres, separated by tissue space, show little synchronization. This is the case in insect testes (White 1936) and a similar situation is found in the earthworm (Cleland, unpublished data) . This is in marked contrast to invertebrate ovaries, where the developing germ cells are separated from one another.
( c) The most cogent case for intercellular influences leading to synchronization has been presented by Barber (1942) in work on pollen grain divisions. 1n this work a clear correlation between synchronization and a low cell wall barrier was found. In an earlier paper Barber (1941) has also shown that the hypoploid Uvularia pollen grain may survive and divide synchronously with its hyperploid sister cell provided the two are in contact; when separated, the deficient grain dies.
( d) In contrast to the failing synchronization between the blastomeres of developing eggs, it is found that when subdivision of the cytoplasm is prevented the nuclei continue to divide in almost perfect synchrony (Polwzow 1924) . The extraordinary synchronization in insect eggs during early development also occurs in a syncytium (Rabinowitz 1941 ).
The conclusion emerging from the above considerations is that, when cells are not in close connection with one another, biological variability is sufficient to preclude a high degree of synchronization, while when in close contact, especially in protoplasmic contact, synchronization is marked. We may therefore conclude that the high degree of synchronization found in the testis is probably not due to self-limitation of cellular development times but to intercellular and interlayer influence.
The mammalian testis seems histologically well adapted to secure this synchronization: the germinal cells comprising the different layers are embedded in the syncytial Sertoli cell continuum. Since there is no barrier other than single cell membranes in this system, quite long-range synchronization might be predicted; this is found in the testis in anyone layer of cells. The concept also permits a credible resolution of the problem of synchronization between layers.
Three phases in the Sertoli cell history are distinguishable: (a) the beginning; and (b) the end of the stage when the Sertoli cell has no attached spermatids; (c) the stage of breakdown of the cytoplasm of the attached spermatids, which is shown by the presence of granules in the degenerating cytoplasm and the centripetal ends of the Sertolicells. Each of these three stages corresponds to fundamental changes in different layers. Phase (c) corresponds to the change in the unattached spermatid category from solid to open spermatid. In the former little change in the archiplasmic complex occurs and it may be looked upon as a more or less resting stage as far as morphological work is concerned, while in the latter considerable morphological change occurs. This phase is also associated with the onset of the spermatogonial divisions. The loss of the fully developed sperm from the Sertoli cell (phase (b) ) is shortly followed by the entry of preleptotene cells, which are evidently more or less marking time, into the growth phase (leptotene) while the new attachment of spermatids to the Sertoli cell (phase (c)) is associated with the onset of zygotene. The strong polarization of the chromosomes in zygotene and the immense amount of morphological work associated with the attached spermatid stage is followed, after a period, by the onset of the spermatocyte division. It is not improbable that the spermatocyte division onset may be correlated with some uurecognized specific change in the attached spermatid.
If this speculation of interlayer influence is correct we may divide the various stages described into self-limited and correlated types, remembering that within each layer considerable synchronization exists even in self-limited stages because of intercellular influence mediated again by the Sertoli cells. The various stages are thus classified in Table 7 . With this formulation it is evident that if one portion of the tubule is further advanced in the cycle than another, this difference, because of the correlations between layers, will tend to be self-perpetuating. It is also evident that the attached spermatid categories may be regarded as the tubular pacemakers. Being self-limited, variation in the absolute duration of these stages is possible; such variation will automatically induce compensatory changes of duration in the other tubular layers.
Coming now to the sequences of stages along the length of a tubule, the following points have previously been established (Section VII):
(a) Contrary to conclusions of the very early workers, whose examination was more superficial, there is no regular sequence of stages (the so-called "wave") along the length. Curtis (1918) , in a study of mouse and rabbit tubules by methods similar to those of the early workers, has also found considerable irregularity in the "waves."
( b) Physiological units of tubule, in which a gradient is present from one end to the other, may be distinguished in at least some parts of the tubule.
The ends of these units may be similar or dissimilar in stage to the contiguous unit.
(c) It is unlikely that these gradients are due entirely to any simple propagation of a division-promoting factor along the tubule unit; the contribution of such a propagation to the observed picture could not be excluded, however.
(d) Different units of tubule may vary considerably in length, some being very short, others quite long. Precise values of length are not possible owing to the distortion inherent in the graphical reconstruction but the truth of the above statement is not in doubt.
In attempting to interpret the sequence of stages in a tubule it is instructive to inquire what situation occurs in discontinuously active testes and in the testis of the pubescent guinea pig. In discontinuously active vertebrate testes it appears, either from the figures or from explicit or implicit statements, that spermatogenesis occurs almost simultaneously throughout the testis and does not show the "spermatogenic wave" characteristic of the continuously active testis. This is the case in amphibians (Humphrey 1921; Aron 1926) , migratory birds (Bissonnette 1930), and mammals (Counier 1927; Rasmussen 1917 ).
In pubescent guinea pigs before the origin of a spermatid layer, or when an early spermatid layer is present in only an occasional tubule, it is found that the difference between tubule cross sections is very much less than is found in the mature testis. As in the latter, there is no difference in the stages reached by contiguous cells in a layer, a fact implying that the intercellular synchronizing mechanisms are fully operative at this time. It would seem therefore that the typical "wave" structure of the seminiferous tubule does not arise except after repeated continuous functioning of the tubule.
The most satisfactory way of accounting for this difference is by the assumption that the absolute times required for a full cycle differ in different parts of the tubule. It will be appreciated that quite small differences in absolute time could, during the sexual lifetime of the animal, lead to the situation found in continuously active testes and would not be discernible in the pubescent animal or in animals maturing only one crop of sperm per season. Calculation makes this fact clear. With a complete cycle taking two weeks, a difference of 1 per cent. in the cycle rate between two segments would in a year cause a 90° shift of phase in Figures 1 and 2 . This hypothesis implies that no fixed relation exists between the stages present in the physiological tubule units delimited in Figure 8 , but that the relation will change during the lifetime of the organism and at certain stages the two segments will be in phase.
The postulated differences in cycle rate in different segments might arise in a number of ways: physiological differences in the spermatogonia or Sertoli cells arising during development, local differences in nutrition, or in sex hormone levels.
The first of these factors seems unlikely on general grounds although there is insufficient knowledge of the development of the tubule systems of the testis to provide a firm basis for its rejection. The identity of stages over an interarch junction would also be against the idea, since such a junction would almost certainly imply a fusion of discrete segments of the sex cords.
There is nothing inherently improbable about the second and third factors but there are no real topographic data about either the fine structure of the testicular blood supply or the distribution of the interstitial tissue. The distance between the intertubular blood vessels of the testes and the third generation spermatids which, as indicated previously, may be regarded as the tubule pacemakers, is not inconsiderable, and the possibility that nutrition of these cells may be limiting is good.
Similarly the interstitial tissue hypothesis is attractive. The effect of male sex hormone on the testes has been reviewed by Burrows (1945) . The facts are that, by itself, testosterone usually has a depressing effect on spermatogenesis, probably by interference with pituitary function, and that in hypophysectomized animals male hormone has a trophic action for a varying. time after operation. A localized action of male hormone on the seminiferous tubule is possible, as indicated by the work of Dvoskin (1943) who has shown that testosterone implants in hypophysectomized rat testes lead to localized maintenance of spermatogenesis. Williams ( 1950) has recently described interaction between interstitial cells, spermatogenic cells, and Sertoli cells, in transparent chamber grafts in the rabbit.
There is thus no doubt that male sex hormone has some relation to spermatogenesis and it is not improbable that localized differences in interstitial tissue, if they existed, would be capable of giving rise to small differences in cycle rate. Examination of the tubule gradients in testes of animals in which the circulating hormone level has been increased would be interesting in this respect as would those of hypophysectomized animals maintained by male sex hormone. Either the nutritional or the hormonal hypothesis would account for the not infrequent finding of slight phase differences in the two halves of a cross section (e.g. Plate 1, Fig. 2 ). This formation led Regaud (1900) to postulate a helicoidal division wave.
We have, then, two possible means by which dissimilarity in the spermatogenic rate between different lengths of tubule might arise. In the Sertoli cell mechanism we can account for the self-perpetuating nature of the differences and thus for the fact that this difference in rate is found in all the generations present in the tubule segments. The intercellular synchronization, also exerted by the Sertoli cells, would ensure that fairly smooth gradients occur within segments and that junctions between segments are not markedly abrupt.
These three factors, together with some small influence exerted by the tendency of self-propagation of divisions, are sufficient to accommodate the four facts, enumerated previously, emerging from the study of the distribution of 1>tages along tubules. They can also account for the differences between discontinuously and continuously active testes; in the former, small localized changes in rate of spermatogenesis are usually not discernible, while in the latter, owing to the cumulation of small differences in successive cycles, these differences are readily visible.
These hypotheses, although accommodating the facts, are still almost entirely speculative. Further work should include:
(a) A study of the changes undergone by Sertoli cells during their cycle of relations to the spermatids. If cyclic changes could be demonstrated the Sertoli cell mediation hypothesis would gain in plausibility;
(b) A study of the effect of sex hormone administration on the cycle as ,a whole and on the «wave" structure of the tubule; ( c) A closer study of the cytological changes undergone by the attached spermatids in an attempt to link some specific change therein with the induction of the spermatocyte divisions;
(d) A study of the reformation of the "wave" structure in tubules regenerating after a period of artificial cryptorchidism. By such means an estimate of the variation in cycle times of different parts of the tubule should be possible.
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